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ABSTRACT

The phase analysis is presented for a 2mm microwave interferometér in
use to measure the plasmé density in a tokamak. Use is made of a Fast
Phase Shifter constructed from a switchable four-part circulator to
resolve the phase ambiguity inherent in a simple interferometer. The
phase between O - 27 is calculated by a microprocessor accessing a
look-up table and the total phase is calculated by taking the 0 to 2r
crossings into consideration. It is software controlled and the com-
plete sampling and analysis cycle takes 24 pseconds which is suffi-
ciently rapid for the application considered. The phase information is

available in analogue and digital form.
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I. INTRODUCTION

The method of plasma density measurement by a microwave inter-
ferometer is a well-known diagnostic technique: the basic experimental
arrangement is shown in Figure 1. The signal from the microwave source
is split into two beams. One beam (the reference beam) is sent to the
detector by means of waveguide and the other is transmitted through
the plasma before being brought to the detector. In general, there
will be a phase and amplitude difference between the two beams at the
detector. Usually, the microwave frequency is well above the plasma
frequency, w3 wp2 = neZ/me, where n is the plasma electron den-
sity, e is the electron charge, m is the electron mass, and €o 18
the permittivity of free space. The units are MKS, The attenuation of
the beam in the plasma is usually negligible. However, the plasma
causes a phase shift in the beam due to the change in refractive index
of the medium. The phase shift ¢ is related to the density of the

plasma byl

¢ = J dx 27 J 1 - /nx) (1)

where A, is the free space microwave wavelength, n(x) is the plasma
electron density along the path length and n, is the critical densi-
ty corresponding to a plasma with wp equal to the microwave frequen-
ey, Wy, i.e. w2 = nce2/me,. If the plasma density 1is much

less than the critical density then equation (1) becomes approximately

e2
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In general, the signal which comes from the detector contains a
varying component which is proportional to the sine or cosine of the
phase. In many experiments, the plasma density is pulsed in time so
that the phase shift ¢ is a function of time. A typical experimental
problem is to measure the electron density during a tokamak discharge
which may last between several milliseconds and several seconds. Given
a line density, (/n(x)dx), shown in Figure 2a, we have a phase ¢ shown
in Figure 2b, and a detector signal, S, as shown in Figure 2c. Experi-
mentally we have only the detector signal, S, and from this the phase
and the line density must be deduced. A major problem with such an in-

terferometer is that the decoding from the detector signal to the

2n+)w

7 ,n=0,1,2...)

phase not unique. At each peak of sin¢ (¢ =
the density change could have reversed direction and the sine of the
phase would be the same; i.e., since sin(%L-+ §) = sin(g— -8,

there is an ambiguity in determining the phase from the trace in Fi-

gure 2c after each peak in the detector signal.

This ambiguity is usually resolved by sweeping the frequency of
the microwave source many times during the tokamak pulse. This tech-
nique gives a display on an oscilloscope known as zebra striping.1 An-
other method which eliminates the ambiguity is shown in Figure 3.
There are two reference beams split off from the source and brought to
separate detectors; the transmitted beam is also split into two beams.
Thus if we arrange the reference beams to have a constant relative
phase offset of 7m/2, the one detector signal will be proportional to
the sine of ¢ and the other signal will be proportional to cosine of ¢.
The two signals now allow an unambiguous interpretation of the density
behaviour. In other words, at those places near 7/2 where
sin( /2 + 8) = sin(7/2 - 6), the cosine signal gives a direction to

the phase change since cos(7T/2 + 8) = -cos(n/2 - §),



The solution shown in Figure 3 is usually an expensive solution
in terms of microwave hardware. A better solution is shown in Fi-
gure 4. The item labeled FPS is a fast phase shifter which can shift
the phase by 7/2 much faster than the change in electron density. We
now have a chopped signal from the detector, of which one part is pro-
portional to the sine of ¢ and the other is proportional to the cosine
of ¢. A fast phase shifter can be much cheaper than the complete se-
cond beam alternative shown in Figure 3. The signal processing is only
slightly more complex, and the signal level at the detector is

higher.

The disadvantages of the zebra-striping method are the need to
frequency modulate the signal and the difficulty of real time signal
analysis if the density is required as a feedback or control parame-
ter. On the other hand, the system shown in Figure 4 does not need a

frequency modulated source and is easily analyzed in real time.

The schematic of the signal processing is shown in Figure 5. The
sine of ¢ and the cosine of ¢ give an unambiguous determination of
(between 0 and 27). This is accomplished by digitizing the two signals
and using a microprocessor to look up the corresponding value of ¢ in
a table stored in Read Only Memory. Branch cut crossings from 0 to 27
and from 27 to 0 can be kept track of digitally by the microprocessor

and ¢(t) can be computed in real time.

The realization of our interferometer shown schematically in Fi-
gure 4 is shown in more detail in Figure 6. The source is a Gunn os-
cillator built by TRG at 46.6 GHz working into a frequency tripler

which gives nearly 10 milliwatts at 140 GHz. Fast phase shifters are



not yet available in this frequency band. Instead a switchable 4-port
circulator has been used to achieve the same result. This unit can be
switched in 5 ps so that either the signal goes from port 1 to port 2
or from port 1 to port 4. The equivalent of a 7m/2 phase shift is the
circulator switched so that the signal goes from port 1 to port 4,
where it encounters a short circuit which reflects the signal back to
port 3. There it encounters a tunable short and is reflected back to
port 2, It has thus travelled a path different from that of the un-
switched signal and arrives at port 2 with a different phase (and am-

plitude). The phase shift is adjustable to 7/2 by the tunable short.

Let us consider in more detail the signal which arrives at the
detector. In Figure 6 the reference beam and the plasma beam are com-
bined in a hybrid ring which has a detector at the summing port and

one at the difference port. The reference beam has an amplitude

ER = A cos Lwot + g+ P(t)ﬂ/z‘[ (3)
where A is the amplitude of the electric field, W, is the microwave
frequency, ¢ is the phase of the reference beam and P(t) m/2 is the
switchable phase shift.
The plasma beam has an amplitude

Ep = B cos(uwot + ¢p + ¢) (4)

where B is the amplitude of the electric field, ¢p is the phase of

the plasma beam and ¢ is the phase shift due to the plasma given by



equation (1). The detectors at the sum and difference ports of the hy-
brid ring perform a squaring and time average over the microwave fre-

quency to give

s(t) = <(Eg + Ep)2> (5)

D(t) = <(Eg - Ep)2> (6)
Thus

s(t) = Az;*Bz + AB cos(op ~ ¢, = ¢ + B(DT/2) (1)

D(t) = AZ*Z'BZ - AB cos(pg - ¢p - ¢ + P(t)n/2) (8)

The signals S and D are then subtracted by a differential amplifier

and the result is
S(t)-D(t) = 2AB cos(dg - dp - ¢ + P(£)7/2) (9)

The constant phase difference ¢ g - ¢]? can be zeroed or more simply
measured at t = 0 and compensated for in the microprocessor program.
The switch function P(t) is also controlled by the microprocessor with
a fixed period of 64 microseconds. When P = 0 the signal (S(t) - D(t)
is sampled, digitized and stored in memory. When P = 1, 32 microse-
conds later, the signal is again sampled, digitized and stored. Seven
bits of the A/D converters are used. The two seven bit words fepte—
senting the cosine and sine of the phase shift are then used as a

14-bit address for a 16 K ROM table to look up the value of ¢. The



microprocessor software to accomplish this and to count the branch cut
crossings is shown in Fig. 7 and was encoded for a Motorola 6800. The
software takes 64 cycles to execute and thus the basic data sampling
is done every 64 microseconds for a onme MHz microprocessor clock. If
the phase shift ¢ changes by more than 7 in 64 ps then the micropro-

cessor will begin to make errors in the total phase. This represents
an upper limit to the experimental rate of change of density that is
reliably measurable. For the tokamak for which this system was de-
signed this limit is 3.4 - 1016 electrodes/cm3. sec at the center of
the plasma. This limit was above the expected rate of change. The fi-
nal output of the microprocessor consists of two analog signals in re-
al time proportional to ¢(t) (12 bits) and ¢(t) reduced to 0 - 2r ra-
dians (8 bits). These signals are delayed by the cycle time of the

software (64 ps), which is insignificant for our application.

I1. OPERATION OF THE MICROWAVE CIRCUIT

The microwave interferometer circuit was set up using a rotating
wedge-sectioned disk made out of perspex placed in the "plasma" arm to
produce a time varying phase. The antenna spacing was the same as in
the tokamak experiment. We found that the antenna gain pattern effi-
ciency for open-ended X-band waveguides was more favorable at this an-
tenna spacing (520 mm) than the antenna patterns from true fundamental
horns. Initial testing was performed using a straight waveguide sec-
tion in place of the phase shift circulator and considerable setting

up problems were encountered. However, the interferometer worked as



expected with smooth fringes obtained at the relatively slow phase
change rate produced by the rotating disk. Setting up the diodes on
the hybrid-ring was not straight forward as the diode mount stub and
the two E-H tuner stubs had to be optimized for the summing port and
difference port of the hybrid-ring. A considerable amount of power was
reflected from each one as evidenced by the effect on one diode signal
of slightly detuning the other diode assembly. Nonetheless, even with

an abundance of reflected power, the interferometer worked well.

With the phase shift circulator in place in the circuit, we had,
in principle, one more device to adjust, namely the stub tuner which
varies the phase of the signal reflected from port number 4 (Fig. 6).
We found that the reflection from the diodes caused considerable con-
fusion of the two signals obtained with the circulator ON and OFF.
With the circulator OFF we obtained results similar to those without
the circulator present, as was expected. With the circulator ON, the
power transmitted through the circulator should be reduced by 4 dB. In
reality, the ON signal was of a similar magnitude to the OFF signal. A
further observation was that with the circulator OFF, the diode sig—
nals were sensitive to the port 4 stub-tuner phase. These observations
are all consistent with the presence of a significant amount of power
reflected from the diodes. This is a known problem but the simple
standard solution, which is to place an attenuator before each diode,
was not acceptable to us since we are running with a low power
source. However, we found that by judicious adjustment of all the va-
rious tunable elements we were able to obtain a circulator ON signal
which was very close to a phase-shift of 90° from the circulator OFF
signal. In fact, the presence of the reflected power, by increasing

the diode signals in the ON case, could be considered to have at least



one advantage. The main disadvantage was the difficulty in obtaining
and reproducing this 90° phase shift. The oscilloscope traces obtained

are shown in Fig. 8.

III. OPERATION OF THE MICROPROCESSOR UNIT

The signals I - A obtained with circulator ON and OFF respecti-
vely are treated as in Fig. 5. The raw signals have a DC offset due to
the fact that the microwave circuit is not ideal, and also have diffe-
rent amplitudes. Both offset and gain are adjusted in the unit to give
equal amplitude symmetrical signals. The 8-bit and 12-bit outputs are
shown in Fig. 8 for the phase changes produced by the rotating disk.
We see from these curves that there is an S-shaped distortion, and
this is due to the fact that the Y signal is not simply a phase-shift-
ed copy of X, but a complicated distortion of it. However, if we plot
the error in phase for a complete cycle (Fig. 9), we find a maximum
error of 30°, corresponding to a typical peak plasma density error of
0.04 1013/cm3 which is negligible from the experimentalist's view-

point.

In order to reduce the noise on ¢ to a minimum, the diode signal
is filtered by a simple RC circuit (Fig. 10). Furthermore a filter was
installed between the Sample and Hold Module and the ADC. In this way
the demultiplexed signal could be filtered down to the highest true
fringe frequency, which increased the signal-to-noise ratio consider-

ably,
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IV. RESULTS DURING TOKAMAK OPERATION

The interferometer described was constructed for use on the TCA
tokamak,2 characterized by a major radius of 0.61 m, a minor diameter
of 0.34 m along which the plasma density is to be measured and peak
electron densities nga(0) < 7 x 10193, The fast varying magnetic
fields used to create a plasma discharge had to be carefully screened
from the 4-port circulator, a sensitive ferrite device, and from the

high impedance pre-amplifier circuit.

The operation of the interferometer during a tokamak plasma dis-
charge suffered from two main problems. First, there was the question
of the rate of change of plasma density, or phase change rate. The al-
gorithm in the software to decide whether the density is rising or
falling was to choose the least density change per sample period. Thus
if the density changes by m + & a change of -7+ § will be assumed,
and a change of T per cycle is the theoretical maximum for a perfect
system. The non-linearity of the calculated phase reduces this below 7
and an inherent noise will reduce it still further. The maximum phase
change per cycle will then be T -(Maximum noise) - (Maximum distortion
error). This figure appears to be about 180° - 30° - 45° giving
105°/cycle or 4.6 fringes/msec. This figure is not as far above the

experimental maximum values obtained as had been hoped.

Secondly, the plasma column is cylindrical and we aim to measure
along a diameter (Fig. 6). During the first few milliseconds of a to-
kamak discharge, the rate of change of density (phase) is at its maxi-

mum and the plasma is at its least stable in position. During these
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milliseconds the plasma column will displace itself outwards and back
and the probing beam will not always be along a diameter. At this
time, there is also a reduction in signal amplitude due to refraction
of the beam and an increase in genuine rapid phase variation. Both
these effects reduce the maximum interpretable rate of change of den-
sity from that calculated above. At the end of the tokamak discharge
the rate of decrease in density is also fast and the position is also
less stable. During a disruption in the plasma discharge, the total

phase is lost in almost all cases.

As a result of both of these problems, the absolute phase can
suffer one or more errors during a tokamak discharge. The central part
of the pulse (5-80 msec typically) remains smooth and the density
variation is faithfully reproduced. The fact that phase information
can be lost at both ends of the cycle precludes us from inferring the
errors during build-up. Two typical traces are shown in Fig. 1l one of
which follows the density as a function of time, and the other of

which has obvious jumps of 27 radians.

V. IMPROVED VERSION

If we assume that the only source of trouble is the slow
(64 psec) cycle rate then we must decrease the cycle time. On the
other hand, such a decrease also decreases the filtering time and at a

certain juncture the diode or even plasma noise may dominate.

The first speed increase was obtained very simply be increasing

the microprocessor clock rate from 1 MHz to 1.5 MHz, reducing the cy-
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cle time from 64 psec to 43 psec. This was possible without changing

the ROM in which the phase look-up table was stored.

The second speed increase was obtained by replacing part of the
software cycle by hardware. This was performed on the logic which de=-
termined whether the number of fringes had increased or decreased. The
reduced software shown in Figure 7 corresponded to 26 out of 64 cy-
cles. This reduced the cycle time to 37 psec, or to 25 psec with both
increases in speed installed. The filtering was reduced corresponding-
ly and remained acceptable. The timing cycle of the circulator was ad-

justed and the new system was tested on real tokamak discharges.

A considerable improvement was found and density rises of up to
4.5 fringes/msec were handled correctly. Above this rate of increase
of density, fringes were still lost but the distortion in phase was
the dominant effect. Careful adjustment of the complete system was re-
quired and the capability of the decoding matched the typical plasma

performance.

VI. CONCLUSIONS

The evaluation of total phase change of the 2mm interferometer
during typical tokamak discharges has been successfully achieved by a
microprocessor—-controlled phase analyser and a fast phase switcher,

The cycle rate of the phase analyser had to be increased to cater for
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the rapid phase shifts at the beginning of a tokamak discharge. Part
of this increase in speed was achieved by hardwiring some of the
software. The use of a 4-port-circulator as a fast phase shifter was
successful, but the implementation of this microwave hardware was

greatly hindered by spurious reflections.
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